this gap in knowledge. The most commonly used method is transcranial Doppler ultrasound (TCD), where perfusion assessment is based on the velocity in a large artery, most often the middle cerebral artery. The validity of this technique has been questioned because a number of assumptions have to be made. 8 Since transcranial Doppler ultrasound can only be used for major arteries, it may also not reflect how the peripheral circulation in the brain is affected by preeclampsia.
MRI enables the acquisition of both morphological and physiological information. Tissue perfusion may be estimated with several different MRI techniques. Most commonly, perfusion MRI utilizes the administration of a gadolinium contrast agent; however, this is not possible to use in pregnant women due to concerns of accumulation in the fetus.
Intravoxel incoherent motion (IVIM) is a non-invasive MRI technique
for assessment of perfusion fraction and edema. IVIM enables estimation of blood perfusion at the capillary level, without contrast agent administration. The technique is based on the separation of true diffusion from perfusion-related "pseudodiffusion" using a diffusion-weighted imaging (DWI) sequence with multiple b-values. 9 It also yields a diffusion measure (D), indicative of edema. Our group used IVIM to describe alterations in placental perfusion in preeclampsia, which indicated a different pathophysiology for early and late onset preeclampsia. 10 There are also documented applications in the brain, for example, in stroke and brain tumors. 11 To the best of our knowledge, no prior study has used IVIM to investigate the cerebral circulation in preeclampsia.
The aim of this study was to estimate whether in women with preeclampsia, cerebral perfusion affected or signs of edema present, when compared with normal pregnant and non-pregnant women, using IVIM MRI.
| MATERIAL AND ME THODS

| Study design and population
The study participants for this cross-sectional study were recruited at the Department of Obstetrics and Gynecology, Uppsala University Hospital, Sweden, during 2013-2016. Uppsala University
Hospital is a tertiary referral center with approximately 4000 deliveries per year. General exclusion criteria for cases and controls were chronic hypertension, diabetes mellitus (both pre-pregnancy and gestational), preexisting renal disease or contraindications for MRI, for example, claustrophobia or pacemaker. Only singleton pregnancies with a gestational age between 22 +0 and 41 +6 weeks were included. In addition to the general exclusion criteria, women with a prior history of preeclampsia or gestational hypertension were not included in the normal pregnant or non-pregnant study groups.
We recruited three groups of women: women with preeclampsia (n = 30), normal pregnant women (n = 32), and non-pregnant women (n = 16). Women with preeclampsia were recruited from the obstetric ward or the obstetric outpatient clinic. Preeclampsia was defined as de novo hypertension after 20 weeks of gestation in combination with proteinuria. Hypertension was defined as systolic blood pres- 
| Magnetic resonance imaging
All study participants were scanned on a 1.5 Tesla MR system (Achieva, Philips Healthcare, Best, the Netherlands) using an 8-channel receiver head-coil. Diffusion-weighted images were measured by a spin-echo sequence with echo-planar read-out. Diffusion can be translated to standard perfusion parameters (Table 1) .
11,14
Regions of interest were manually drawn in a slice at the level of the lateral ventricles in the following regions: the bilateral frontal white matter (including genu corpus callosum), bilateral parietooccipital white matter (including splenium corpus callosum), and the unilateral thalamus, caudate, and lentiform nuclei. These points were chosen to represent blood supply areas of both the carotid and vertebrobasilar arteries and to include both white and gray matter.
One observer performed measurements of the IVIM parameters in all women, blinded to the study group the woman belonged to. In 25 randomly selected cases, a repeated assessment was performed at a later time point by the same observer and also by another observer, blinded to the results of the first observer.
| Statistical analyses
Comparisons at the group level (preeclampsia, normal pregnant, and non-pregnant women) were tested with Kruskal-Wallis followed by pairwise Mann-Whitney U-tests. 
| Ethical approval
Approved by the Regional Ethical Review Board in Uppsala, Sweden:
Reference number: 2012-087, 23 May 2012. Informed consent was obtained from each woman participating in the study.
| RE SULTS
We included a total of 78 women. One woman in the preeclampsia group discontinued the MRI due to discomfort. Two women in the normal pregnant control group developed preeclampsia after their participation in the study and were excluded. Due to technical reasons, no perfusion fraction results were obtained in 1 normal pregnant woman and 2 non-pregnant women. Thus, the final analysis was based on readings from 72 women (29 with preeclampsia, 29 normal pregnant, and 14 non-pregnant). TA B L E 2 Clinical characteristics of the women index in early pregnancy was higher in women with preeclampsia than in either the normal pregnant or non-pregnant women (P = .03 and <.001, respectively). As expected, the proportion of primiparas was high in the preeclampsia group (83%). In contrast, in our normal pregnant group only 35% of women were primiparas.
The clinical characteristics of the women with preeclampsia are presented in Table 3 . Women with severe preeclampsia were examined at an earlier time point in pregnancy and had higher systolic and diastolic BPs than women with moderate preeclampsia. However, women with severe and moderate preeclampsia did not differ in terms of antihypertensive treatment or cerebral symptoms.
To validate our method, we pooled the results from all regions with gray and white matter, respectively, from the study population.
As expected, higher levels of perfusion-related IVIM parameters (f, D*, and fD*) were found in gray than in white matter (all P < .001; Table S1 ).
Perfusion-related IVIM parameters across the 5 brain regions of interest (parietal-occipital white matter, frontal white matter, thalamus, caudate nucleus, and lentiform nucleus) are presented in Table 4 . Inter-and intrarater reliability are presented in Tables   S2 and S3 . The cerebral perfusion measures (f and fD*) differed between study groups in caudate nucleus (both P = .02). Women with preeclampsia had a lower cerebral blood volume measure (f) in the caudate nucleus in comparison with both normal pregnant and non-pregnant women (P = .01 and P = .03, respectively) ( Figure 1A) .
Additionally, the blood flow measure (fD*) was lower in the caudate nucleus in preeclampsia compared with normal pregnant and nonpregnant women (both P = .02) ( Figure 1B) .
No other differences in perfusion-related parameters were observed across the tested brain regions and groups, and there was no evidence of cerebral edema in pregnant women or in women with preeclampsia.
When comparing women with severe and moderate preeclampsia, there were no significant differences in perfusion parameters.
Furthermore, no difference in perfusion parameters was noted between women with or without antihypertensive treatment, and no correlation between perfusion parameters and cerebral symptoms was found.
| D ISCUSS I ON
To the best of our knowledge, this is the first report of the use of IVIM to study cerebral perfusion and edema in preeclampsia. In 4 of 5 areas examined, all IVIM parameters were similar between study groups. In the 5th, a part of the basal ganglia, we found lower cerebral blood volume (f) and blood flow (fD*) measures in preeclampsia than in normal pregnant or non-pregnant women. Importantly, we found no evidence of cerebral edema (D) in preeclampsia in our population.
Although PRES has been described since 1996 4 and has been ac- 
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We included measurements from the parieto-occipital white matter, a region most often affected in PRES, 20 but found no evidence of perfusion disturbances in our women with preeclampsia. The only area where groups did differ was, surprisingly, in the caudate nucleus, which is a component of the basal ganglia. There are some reports on involvement of this area in PRES and it seems
Severe preeclampsia (n = 10)
Moderate preeclampsia (n = 19) P-value TA B L E 3 Characterization of the preeclampsia group (n = 29) more common in eclampsia/preeclampsia. 21, 22 The reason remains unclear but perhaps the anatomy of the microvasculature of the basal ganglia with a higher number of non-anastomotic vessels is part of the explanation. 22 However, we also present data from the lentiform nucleus, another basal ganglia component, where all groups had comparable results. Thus, our data include multiple comparisons and it cannot be excluded that the observed difference is a type I error.
Preeclampsia (n = 29)
Normal pregnant (n = 29) In PRES, the subcortical edema that is the radiological hallmark, has been revealed as predominantly vasogenic by diffusionweighted imaging. 23 However, in a recent study, as many as one-third of the patients also had a cytotoxic edema, a finding which indicates a greater risk of irreversible neurological sequelae. 3, 24 How the edema develops and its place in the timeline of eclampsia is not clear. The endothelial dysfunction seen in preeclampsia is thought to increase the propensity for edema, which is confirmed in animal studies. 25, 26 In our study, we could not detect any differences in the true diffusion coefficient (D) between groups, although a third of the women with preeclampsia had a severe disease at examination and two-thirds had cerebral symptoms with either headache or visual disturbances, or both.
The method used in this study has both strengths and limitations. The IVIM technique provides a non-invasive, contrast agent-free method to study the perfusion at the capillary level and has been used for assessment of cerebral perfusion.
14,27,28
However, some concerns have been raised about the robustness of the perfusion indexes measured by IVIM compared with a more established method such as dynamic susceptibility contrast. 29 We found larger estimates of blood volume (f) and blood flow (fD*) measures in gray matter than in white, which is expected and which strengthens the credibility of our results, 30 although differences in angioarchitecture between gray and white matter may also contribute to the observed difference in blood flow when using the IVIM technique.
14 The results for interrater variability were good to excellent. 31 For intrarater variability, the results were more uneven, with good to excellent agreement in measurements in white matter, whereas for gray matter the conformity was poor. This might be explained by different slice selections for IVIM measurements, which could yield diverse partial volume effects.
Our cohort is comparable in size to other studies on cerebrovascular changes in pregnancy and preeclampsia and is well characterized with information on neurological symptoms. Although one-third of women with preeclampsia had by definition a severe disease when MRI was performed, none developed eclampsia before or after examination. Furthermore, at examination, the women had to be sufficiently clinically stable to be transported to the MR facility and undergo the 1-hour examination. Women with severe neurological symptoms could therefore not be included.
None of the study participants consequently was treated with MgSO 4 . This indicates a low central nervous system involvement with presumably small detectable differences in cerebral perfusion between study groups.
| CON CLUS ION
In this cross-sectional study, we used IVIM MRI to estimate differences in perfusion and edema between women with preeclampsia, normal pregnancy, and non-pregnant women. In conclusion, our results show no evidence of hyperperfusion, but some evidence of hypoperfusion in parts of the basal ganglia in the preeclampsia group compared with both normal pregnancy and non-pregnant women. We found no differences in the amount of edema between the study groups.
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